Purpose The purpose of this study is to evaluate the learning curve of thoracic pedicle screw (TPS) placement of an inexperienced apprentice in scoliosis with the freehand technique. Methods The patients with scoliosis who underwent TPS inserted with the free-hand technique by the apprentice under the direction of a chief surgeon were included in this study. The TPS placement by the apprentice was evaluated by examining the assessed position in chronological subgroups of 30 screws. The TPS position was assessed on the postoperative computed tomography (CT) scan images using Zdichavsky grading evaluation system and pedicle breach. The rates of good and dangerous screw placement and the rates of pedicle breaches in each apprentice subgroup were compared with those in the chief surgeon group. Results Thirty-eight patients with 311 TPS were retrospectively analyzed in our study. Of all screws, 154 pedicle screws were inserted by the apprentice, and were divided chronologically into five subgroups. The rates of dangerous placement performed by the apprentice in the first two subgroups were 26.7 and 23.3%, respectively, and were significantly higher than 9.1% by the chief surgeon (P \ 0.05). Meanwhile, the breach rate was 46.6% in subgroup 1 and 50.0% in subgroup 2, and was significantly higher than 29.3% in chief surgeon (P \ 0.05). Furthermore, after the first 60 TPS placements, the assessed rates in apprentice reached to a stable level, and no significant difference could be found among the subgroups (subgroup 3, 4 and 5) and the chief surgeon group (P [ 0.05). Conclusions For an apprentice, an experience of at least 60 screw placements under the direction of an experienced surgeon is needed for inserting the TPS in scoliosis using the free-hand technique independently.
Introduction
Pedicle screws have been used widely for spine diseases since the 1960s when first reported by Roy-Camille [1, 2] . Compared with hooks and other instruments, pedicle screws enable better correction, higher rates of fusion, and lower rates of revision [3] [4] [5] [6] [7] [8] . Since Suk [9] reported the use of thoracic pedicle screws (TPS) for scoliosis in the 1990s, pedicle screw fixation has become the primary choice for the posterior approach surgery for scoliosis. The free-hand technique is a method of inserting pedicle screw without using any special instrumentation and has become one of the most popular techniques [3] . However, this will put more demands on the surgeon because of morphology features and anatomical variation of the thoracic pedicles in scoliosis and the associated potential complications of injury to the adjacent structures caused by malposition of the TPS. It is still a challenge for the spinal surgeons especially for an inexperienced apprentice.
It is an important question for a surgeon when he could have acquired the free-hand technique of TPS insertion in scoliosis. Studies on the learning curve for different surgical procedures revealed a steady stage defined as asymptote of the learning curve, which meant the acquirement of a technique [10, 11] . Several studies have described the improvement of the pedicle screw placement in spine with the accumulation of experience [11] [12] [13] . However, no one has defined the actual number of TPS or cases necessary to be competent in the free-hand technique for patients with scoliosis. In the present study, the accuracy of TPS placement by one apprentice has been retrospectively analyzed with a grading scale of TPS and pedicle breach, and compared with that by chief surgeon. The purpose of our study is to evaluate the learning curve for insertion of TPS and ascertain the number of screw insertion needed for an apprentice to acquire the free-hand technique of TPS placement in scoliosis.
Materials and methods

General data
An apprentice entered a training program for surgery of scoliosis from January 2007 to December 2009 in our department. The apprentice had had the good experience of TPS placement in spine without deformity before that time. In the training progress of 2 years, the apprentice finished the TPS placement under the direction of one chief surgeon who had inserted pedicle screws in deformed thoracic spine for more than 2 years.
Surgical technique
We used the free-hand technique described by Lenke [3] for inserting pedicle screws. After making a midline incision, the spinal segment was exposed carefully to the tips of the transverse processes bilaterally. The entry point was identified using posterior landmarks and decorticated using a rongeur. Proper placement of the gearshift probe is critical. The probe should feel snug in the cancellous bone, and any sudden advance or persistent resistance indicates that the probe should be repositioned. Once the tract was made, a flexible ball-tip probe was used to palpate and ensure that the bony walls and floor were intact. Then, after tapping and palpation, the screws were inserted. C-arm fluoroscopy was performed to establish the position of the screws, particularly in the lateral view, and misplaced screws were re-inserted.
Evaluation of TPS placement
The accuracy of TPS position was assessed on postoperative CT (transverse plane) using Zdichavsky grading system and pedicle breach. The Zdichavsky grading system was done to evaluate the accuracy of TPS placement as following [14] : grade Ia, optimally placed screws, rigidly anchored within the pedicle and vertebral body; grade Ib, screws placed with [50% of the pedicle screw diameter (PSD) lateral outside the pedicle and with [50% of the PSD within the vertebral body; grade IIa, screws placed with C50% of the PSD within the pedicle and [50% of the PSD outside the lateral cortex of the vertebral body; grade IIb, screws placed with C50% of the PSD within the pedicle and the tip of the screw crossing the midline of the vertebral body; grade IIIa, screws located with [50% of the PSD outside the pedicle and lateral vertebral cortex; and grade IIIb, screws located with [50% of the PSD outside the pedicle medially and the tip of the screw crossing the midline of the vertebral body with spinal canal encroachment (Fig. 1) . The TPS in grade I (grade Ia and Ib) was recorded as a good placement, and grade III (grade IIIa and IIIb) as a dangerous placement.
Pedicle breach was assessed to enhance the credibility of the evaluation of TPS placement. As Amer [12] described, the breach was defined as the pedicle wall encroached by more than 2 mm. Moreover, the pedicle breach was classified as either lateral or medial according the pedicle wall breached (Fig. 2) .
Two spine surgeons conducted the evaluation of the CT images of the TPS independently. Disagreements on the grading were settled through evaluation by a third surgeon; thus, the results recorded were concordant with at least two readings.
To analyze the learning curve of the apprentice, the TPS of the apprentice were arranged in chronological order in 5 subgroups of 30 screws each, and the last subgroup contained 34 screws. The rates of good (grade I) and dangerous (grade III) placement, breach rates of each subgroup were calculated and compared with those of the chief surgeon to analyze the variation with increasing experience.
The accuracy of TPS of the chief surgeon was considered as the reference of the learning objective, and we assumed the chief surgeon had entered the Asymptote stage of the learning curve. The TPS of the chief surgeon were divided into subgroups in the same way as the apprentice, and the intro-subgroup difference was analyzed to confirm the assumption.
Statistical analysis SPSS ver. 17 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Chi-square test was used for categorical variables including the rates of good placement, rates of dangerous placement and rates of breach.
Results
Thirty-eight patients (10 males, 28 females) with scoliosis who underwent pedicle screw placement in the thoracic spine between January 2007 and December 2009 were reviewed in our study. There were 30 patients with idiopathic scoliosis and 8 with neurofibromatosis. The average angle of the main thoracic curve was 67.3°(range 44-107°). In total, 311 screws were inserted in thoracic pedicles. The apprentice finished 154 screws and the chief surgeon finished 157 screws.
One patient had transient paralysis of the tibialis anterior muscle, and recovered 4 months later without revision. The CT images showed that a pedicle screw breached the medial pedicle wall more than 8 mm on the right pedicle of the eighth thoracic vertebra, and that pedicle screw was inserted by the apprentice. TPS of the chief surgeon
The rate of the good placement was 82.2%, and the rate of dangerous placement was 9.1%. The rate of breach was 29.3% (21.7% lateral and 7.6% medial). The TPS of the chief surgeon were divided into 5 subgroups of 30 pedicles.
No difference of the assessed rates was found between the subgroups (Tables 1, 2) , which meant that the learning curve in the chief surgeon had reached to a stable plate (Asymptote stage).
TPS of the apprentice
The good placement rates of subgroup 1 and 2 were both 70.0%, which were lower than that of the chief surgeon but no significant difference (P = 0.062). On the other hand, the rates of dangerous placement of subgroup 1 and 2 were significantly higher than that of the chief surgeon (26.7% in subgroup 1, P = 0.007; 23.3% in subgroup 2, P = 0.025); there was no significant difference among the subgroup 3, 4, 5 of the apprentice and the chief surgeon ( Table 3 ). The breach rate of the subgroups 1 and 2 was significantly high than the chief surgeon. The same trend of the breach rate was found with the rates of the dangerous placement. There was no difference from the subgroup 3 to 5 compared with the chief surgeon. The lateral breach rate of subgroup 2 (40.4%, P = 0.033) and the medial breach rate of subgroup 1 (27.6%, P = 0.047) are higher than the chief surgeon. With the increasing number of TPS placements, the breach rates decreased on both the lateral and medial walls (Table 4) .
Discussion
Because of the technical difficulty of accurate placement of screws into the thoracic pedicles, Vaccaro [5] had suggested that pedicle screw fixation in the thoracic spine may be restricted to patients who have a deficiency of posterior bony elements or a three-column injury with complete damage of the spinal cord. The malposition with TPS placement may be due to the smaller diameters of thoracic pedicles. In scoliosis, abnormal rotation of the pedicles and displacement of the spinal cord and dural sac will increase the rate of malposition because of the limited safe margin for TPS placement [15] [16] [17] . Thereafter, the increase in rate of intra-operative replacement of TPS has been reported. In another study of our group, there were 11 malpositions (3.5%) found using the C-arm fluoroscopy, and reposition was performed [18] . Complications caused by malpositioned screws in thoracic region have been reported including injuries of the spinal cord, blood vessels and pleura [4, 19, 20] . In our series, we encountered one case with paralysis of the tibialis anterior muscle. The CT images showed one pedicle screw breaching the medial wall more than 8 mm on the right pedicle of the eighth thoracic vertebra.
The analysis of the learning curve is based on the assessment of the accuracy of each TPS. The breach rate of TPSs ranges from 1.5 to 58%, and is related to the evaluation methods used, which are typically roentgenogram and CT scans [3, 4, 12, 21] . Ferrick [22] considered that the roentgenogram is inadequate to assess the pedicle position, as the accuracy rate of plain film only ranged from 73 to 83%. A CT scan provides better accuracy to evaluate the breach of the pedicle wall, which is considered as the golden standard for evaluating the position of pedicle screws [6, [22] [23] [24] . It is difficult to measure the breach length less than 2 mm on the CT images, partly because the screws could generate scatter [25, 26] . Moreover, some studies considered that the penetration of the pedicle wall was not the most relevant parameter for pedicle screw placement [14] . To avoid those effects and enhance the reliability of evaluation, we selected both a grading scale described by Zdichavsky and the pedicle breach assessment to evaluate the accuracy of TPS.
Surgeon experience may play an important role in TPS placement, especially with the free-hand technique. Lehman's [27] study indicated that the accumulation of experience increases the accuracy rate of breaching with a ball-tip probe. Experience also means lower breaching rates of the medial and lateral wall, as Amer [12] described. The analysis of the TPS placement of the chief surgeon in the Table 1 Rates of good placement and dangerous placement of the TPS inserted by the chief surgeon
Subgroup
In total P (Chi-square test) The pedicle screws inserted by the chief surgeon were divided into 5 subgroups of 30 screws in chronological order. For the rate of good placement and dangerous placement, there was no significant difference among the subgroups using the Chi-square test present study showed no significant difference of Zdichavsky grading scale and pedicle breach among the subgroups. The fact confirmed that the chief surgeon had acquired the TPS free-hand skill in patients with scoliosis and had reached to the steady state (asymptote) in a learning curve. Gonzalvo et al. [11] found that there was a significant reduction in the number of misplaced screws and the development of an asymptote after approximately 80 screws. The study, however, was based on the learning progress of a totally inexperienced fellow, and the pedicle screws were inserted in the thoracic and lumbar spine without deformity. In our study, although the apprentice had acquired the TPS free-hand skill on normal pedicles, it was found that the rate of malposition of the first 60 TPS was also significantly higher than the chief surgeon group.
The result indicated that the learning program is important for the spinal surgeon without experience of TPS insertion in scoliosis despite his TPS insertion skill in patients without spine deformity before. The further results showed that with the accumulation of experience, the rates of good placement increased and the rates of dangerous placement decreased; and the breach rates of the lateral and medial wall also decreased. The accuracy of TPS placement could reach to a stable and acceptable level after the first 60 screw placements under the direction of an experienced surgeon. Thus, we believed that a surgeon should acquire the experience of TPS insertion on normal pedicles before he begins to learn the free-hand technique in scoliosis. Furthermore, a training program of 60 TPS insertion under the direction of an experienced surgeon is needed. No significant difference was found between the subgroups of the chief surgeon using the Chi-square test The TPS inserted by the apprentice were divided into five subgroups of 30 screws except for the last subgroup, which contained 34 screws. The rates of good and dangerous placement of each subgroup were calculated and compared with those of the chief surgeon * Difference occurred in subgroups of the apprentice compared with those of the chief surgeon (Chi-square test) The limitation in our study is the insufficient number of the concave peri-apical pedicle screws, and those pedicles pose more difficulties for TPS placement. Most of the main curves in thoracic spine are toward the right side [12, 28, 29] . In our study, the apprentice always stood on the right side of the patients, and that means he did not have enough exercise on the concave peri-apical pedicles of the severe curve.
Conclusions
Finally, for surgeons who want to receive training in the free-hand technique of TPSs placement in scoliosis, the following should be considered: (1) the apprentice should first develop experience in inserting TPS in spine without deformity; (2) it is necessary to insert at least 60 screws under the direction of an experienced surgeon; and (3) preoperative safety assessment for screw placement is necessary. Only when the accuracy of TPS reaches an acceptable level, the surgeon can be permitted to insert TPSs independently. Finally, (4) more training is still needed for TPS insertion on the concave peri-apical pedicles of severe curves.
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